Aerosol concentrations over the surf were measured during the EOPACE (Electro-Optical Propagation Assessment in Coastal Environment) Surf-i experiment in La Jolla, California. Particle size distributions were measured on the beach (at three levels) and across the surf (one level). Concentrations of droplets smaller than i im in diameter are little affected by the surf, while those with diameters in the 1-10 im range increase by up to two orders of magnitude. Clear vertical gradients were observed, which vary with particle size. No relation could be established between the surf production and wind speed or wave properties. Extinction coefficients at visible and infrared wavelengths calculated from the particle size distributions show that these are enhanced by a factor of 30 to 100, depending on the wavelength. Using the measured concentrations as boundary condition, calculations with a simple dispersion model show the gradual decrease in the concentration with fetch in off-shore winds. In on-shore winds the surf-enhanced aerosol concentration is effective over only a short range, but nevertheless significant transmission losses may occur. Obviously, these conclusions apply only to the surf encountered during this specific experiment. The effects of the surf in other areas and other ambient conditions will be assessed from the analysis of data collected at a different location and in different conditions.
INTRODUCTION
Aerosols in the marine atmospheric boundary layer and their effects on a variety of processes have been investigated in the past decades by various research groups. One of the effects of the maritime aerosol that has attracted attention was their influence on the propagation of electro-magnetic radiation at wavelengths in the atmospheric transmission windows in the JR1, both for military application and, more recently, also for climate. Until the i990's, the open ocean was considered most important. However, many experiments were carried out with the instrumentation ashore. The effect of the nearby surf zone was considered negligible. Experiments where aerosols were measured both ashore and on a ship to assess the influence of the surf on the aerosol concentrations close to the shoreline indicated that the surf was unimportant (e.g., ref.
2).
However, during the ONR (Office of Naval Research) aerosol workshop in Monterey, in May 1994, a simple calculation by Professor Monahan (UCONN), showed the possible impact of the aerosol produced in the surf zone.3 This calculation was based on aerosol production by a whitecap, and a realistic assumption as regards the equivalent whitecap coverage of the surf zone and its horizontal extent. The importance of this (then hypothetical) effect was recognised and included as an applied research topic into EOPACE (Electro-Optical Propagation Assessment in Coastal Environment), the work programme of which was formulated in the following year4. EOPACE started in October i995 (FY96). EOPACE is organised by NCCOSC, NRaD, code 883 (San Diego, CA) with support from an international scientific committee. Three Surf experiments were conducted as part of EOPACE to determine the production of aerosol over the surf, in a variety of environmental conditions at coastal sites in California: La Jolla, near San Diego, in JanuaryfFebruary 1996 and in March 1997, and in Moss Landing, Monterey Bay (March i996). The final goal of these experiments was to provide an assessment of the effect of the surf on electro-optical propagation in a coastal environment. It was a common effort of several research groups from the USA, the UK and The Netherlands involving measurements of aerosols, bubbles and meteorological parameters including turbulence and visibility, as well as laser visualisation of the aerosol plumes over the surf, and spectral transmission measurements4. In this paper, the first results are presented from the analysis of data collected by TNO Physics and Electronics Laboratory (TNO-FEL) and the University of Manchester (UMIST) in the EOPACE Surf-i experiment in January and February 1996 from the Pier of Scripps Institute of Oceanography in La Jolla (California). Other results are presented in a contribution by Gathman5. The present analysis shows that over the surf the aerosol concentrations may increase by up to two orders of magnitude, depending on the height above sea level and aerosol size. The largest increase is observed for aerosols with diameters of about 10 rim. A clear dependence on meteorological conditions could not be determined from this data set, but a variety of factors may have played a role in this respect. Especially the interaction between processes due to tide (distance to the water line), the low wind speed and the variation in the relative humidity may have complicated the analysis.
The infrared (IR) extinction coefficients calculated from the aerosol size distributions similarly show an increase of up to two orders of magnitude over the surf zone. Estimates of the effect of the increased extinction over the surf on the transmission are presented for on-shore winds. For off-shore winds, an extensive study, involving advection of the surf-produced aerosol, and size-dependent dispersion and deposition, is necessary for the assessment of the surf effect on the performance of EO systems. Estimates of the horizontal extent of the surf produced aerosol in off-shore winds are derived with a simple dispersion model. In future work a more comprehensive model will be applied to this problem.
EXPERIMENTAL SET-UP
The measurements were performed on the Pier of Scripps Institute of Oceanography (SIO), La Jolla, California. The Pier extends about 350 m into the ocean, which is well past the surf zone. The hills rising up from the beach strongly affect the air flow near the measurement site, especially with the low winds encountered during the experiment. This complicates the data analysis.
The meteorological situation was governed by the sea breeze, with weak winds from sea during the day, and weak winds from land during the night. To make optimum use of the meteorological conditions, aerosol measurement systems were installed at both ends of the Pier. Near the base of the Pier, three aerosol probes were installed at heights of 7, 12 and 15 m abovemean sea level, to measure the vertical variations of the aerosol concentrations. Other optical particle counters were installed at the end of the Pier at about 1 1 m above mean sea level. For winds from sea (westerly winds), the aerosol size distributions measured with the latter were representative for the background aerosol concentrations in the air mass that enters the surf zone, while the three probes at the base of the Pier were used to detect the increase in aerosol concentration over the surf. The specifications of each of the probes are presented in Table 1 , together with the height at which they were operated. Of the probes at the end of the Pier we only mention PMS4 (see table 1 for specification) because the other probes were not used in this analysis. The probes at the base of the Pier were oriented such that sampling was iso-kinetic for on-shore winds. However, with the low wind speeds encountered during the Surf-i experiment, this is not an important issue and data collected in other wind directions are not disregarded. This is based on the observation during other campaigns that misaligned of the probes does not significantly affect the measured concentrations at low wind speeds. PMS4 was manually turned into the wind.
Rotorod rotating impaction samplers7 were used at various locations along the Pier to measure vertical profiles of size distributions of aerosols with diameters larger than i3 im at levels from 1 to 10 m above the mean water level. These measurements were made both over the surf and outside the surf zone. In addition, an optical bubble measuring system8 was used to measure bubble size distributions at several positions across the surf as well as outside the surf zone. They were measured to analyse the effects of the various sea spray aerosol production mechanisms. Not only the concentrations of the bubbles were significantly enhanced with respect to those outside the surf (roughly two orders of magnitude) but also their size, shifting the spectra to much larger diameters. The bubble size distributions are not used in this paper.
In support of the analysis of the aerosol data, instruments were installed at the base of the Pier to record various meteorological parameters (see Table 1 ).
The analysis presented below focuses on two periods: January 24 -31 (days 24 to 31) and February 1 -5 (days 33 to 36). During the first period, aerosol measurement systems were installed as described above. When PMS4 was damaged due to a power surge, PMS 1 was moved to the end of Pier to provide the crucial background aerosol data. 
PARTICLE COUNTER INTERCALIBRATION AND DATA PROCESSING
For all optical particle counters the diameters were calibrated with well-defined mono-disperse test particles prior to the experiment. Absolute calibration in terms of particle numbers can only be made in a cloud chamber. Therefore, before starting the actual measuring campaign, all particle counters were installed at the base of the Pier for intercomparison and intercalibration during two days. The data collected were used to determine differences in the responses of the various probes due to different optical configurations and ambiguities in the response curves of different types of probes, and possibly also calibration differences.
The intercomparison data were used to determine correction curves for each of the particle counters. This was done by averaging particle size distributions simultaneously measured by each of the probes, and calculating the difference between the individual size distributions and the mean one. This procedure was repeated for all size distributions measured during the intercalibration period, and then yielded for each size bin the mean differences and standard deviations. Application of the thus determined correction curves to the individual data from each instrument would yield the mean size distribution. In this way, differences in the individual probes can be accounted for, as illustrated in Figure 1 . This correction procedure is important because often two optical particle counters, even when of the same type, do not yield exactly the same particle size distribution6.
For all probes used in this study, the corrections behave smoothly as a function of aerosol size; standard deviations were generally smaller than 0. 1 log unit and did not exceed 0.25 log units. The results presented below show differences in aerosol concentrations that are significantly larger than these values. The correction curves were subsequently applied to the data from the following Surf-1 measurements to determine the size distributions of sea spray aerosol produced over the surf, as compared to the simultaneously measured background aerosol, as function of height and as function of ambient parameters.
AEROSOL CONCENTRATIONS
After correction and validation of the data, the analysis was focused on the concentrations of aerosols with diameters of 1 ,5 and 10 jim. These diameters are well within the size range measured by the four probes. It is expected that the effect of the surf zone on the particle concentrations is most pronounced for the larger particles, because their background concentrations are low and they are deposited relatively fast with respect to smaller particles. Sub-micron aerosol is more abundant in the 'background' concentration, they have a long residence time and may be advected over large distances.
Figures 2a and 2b show the concentration of 5 im particles for the period January 24 to January 3 1 . All concentrations were computed relative to the concentrations from PMS4, which for westerly winds represent the background aerosol. Also meteorological parameters such as air temperature, relative humidity, wind speed, wind direction, wave height and distance to the water line (varying with tide) are presented in Figure 2 .
Wind speed was generally low, with values of less than 2 m/s and occasionally short periods with higher wind speeds of up to 4 mIs, still too little to cause significant wave breaking and thus surface production of sea spray aerosol. Wind directions followed the general sea breeze pattern, with offshore winds (easterly wind directions) during the night and morning, quite suddenly changing to onshore flow late in the morning and back to off shore before sunset. Relative humidity varied between 70% and 100%, while air temperatures were between 8°C and 17°C. Significant wave height varied between 0.5and 1.5 m, and the wave period (not shown in Figure 2 ) slowly decreased from 1 1 s in the first few days, to 5s around day 28, after which it increased to more than 15 s.
As expected, an obvious correlation is observed between the aerosol concentration and wind direction. During westerly winds, a strong increase in aerosol content with respect to the background was observed while also the concentrations varied significantly among the three probes. When the wind was from land, the three probes measured similar aerosol concentrations 17 before correction after correction Figure 2c . In this period PMS 1 was installed at the end of the Pier and used to provide the background aerosol in onshore winds. Similar observations apply to this data as during the foregoing period.
The first results show no clear correlation between aerosol content and other meteorological parameters than wind direction. Likely, the wind speeds encountered during Surf-i were too small to cause any significant differences in the surf aerosol production. Also, no correlation between wave period and aerosol gradients resulted form the analysis thus far. This is somewhat surprising because wind speed and waves (height and period) are expected to be dominant factors contributing to the production of surf aerosol. Furthermore, significant differences in the width of the surf zone were observed (which can be quantified form the hourly photographs that are made available by 510 on the web) accompanied by rather impressive changes in the breaking waves. Also the variations in relative humidity were expected to be visible in the data, since these may lead to variations in particle size of approximately a factor 2. All these effects may be hidden in the data set due to complicating factors and possibly opposing effects, such as the change in wind direction while the tide not only caused changes in the distance of the probes to the water line but also changed their height above the water surface. Therefore, the results presented here are regarded as preliminary and the analysis is continued. Also data from Surf-2 and Surf-3 will be included in the analysis. The present discussion is limited to only a description of the surf-induced aerosol concentrations and their variation with height. Day number Time serial plots of the concentrations of aerosols with diameters of 1 and 10 im are shown in Figure 3 for the same periods as in Figure 2 . As expected, the largest gradients are observed for the greater diameters (10 Mm). The variations for 1 im are small, less than a factor of 10 (one unit on the logarithmic scale). The sudden jumps in the curves in places are due to discontinuities in the data, and have no physical meaning. Data from the different probes become somewhat scattered on days 28 and 29, causing gaps in the curves. On average, for onshore wind conditions, the increase in aerosol concentrations at 6 m above sea level is about 2 orders of magnitude, relative to the background concentration.
An interesting parameter is the distance between the base of the Pier and the water line, or the distance between the probes and the source of the surf aerosol. After production at the surface, the aerosol is carried aloft by a variety of mechanisms (such as wave-induced turbulence, eddies and puffs, as well as convective activity), and carried along with the air flow to reach the sampling point. However, the data in Figure 2 show no clear dependence of the concentrations on the distance to the water line (varying between about 25 and 80 m). This would lead to the conclusion that the aerosol in the lower 15 m (note that the particle counters were installed at heights of 7-15 m above mean sea level) is not significantly diluted in the first 80 m downwind from the surf. However, the situation may be more complicated since other parameters may also play a role here. The somewhat surprising lack of correlation of the surf-enhanced aerosol concentrations with other ambient parameters than wind direction may be caused by cancellation of various opposing effects. So far this has not been thoroughly investigated.
The aerosol gradients, as derived from Figures 2 and 3 , show a peculiar feature. The concentrations are highest at the lowest sampling point of about 7 m above sea level (PMS3), and then decrease with height. However, in on-shore winds, the concentrations at 12 m were often observed to be somewhat lower than at 15 m. The particle counters at 12 m were mounted above the deck of the Pier (PMS1). The occurrence of this dip in the concentration profile during the day-time was not expected, but Figures 2 and 3 show that it is quite common. In contrast, the more detailed profiles of giant particles (D>13 .tm), measured with the Rotorod rotating impaction samplers, do not show a decrease in aerosol concentration near the Pier deck. The Rotorod samples were taken at height intervals of 1 m, requiring about 20 minutes for a complete profile. It is noted that the Rotorod profiles were measured at some distance from the Pier (upwind), whereas the PMS 1 data were sampled at about 1.5 m above the pier deck, with the instrument mounted on a wooden box, well within the railing.
Therefore it is presumed that the behaviour of the concentrations measured with the optical particle counters is due to an artefact, rather than to physical causes that would occur over water. Most likely, evaporation of aerosols near the warm Pier is an important factor, especially since during offshore winds the concentrations showed the expected decrease with height (cf. Figure 3 , usually between 8 p.m. and 1 1 a.m.). The kink was observed only during the afternoon, when the Pier deck was warm. Indeed, the humidity and temperature sensors mounted close to the box at heights of 12 and 13.2 m, showed significant differences (in fact the relatively low humidities and high temperatures near the box were the reason for having a second sensor somewhat further away from the Pier surface). A quantitative assessment as regards the effect of relative humidity on the measured aerosol concentrations has thus far not been made.
An example of the effect of the surf on the aerosol size distributions is shown in Figure 4 , showing the aerosol size distributions measured simultaneously with all four aerosol counters, in off-shore wind. The difference between the data from PMS4 (representing the background concentration) and the data from the counters downwind from the surf can be entirely attributed to generation in the surf zone. The surf effect on the aerosol content is largest for large diameters, as expected.
To obtain an estimate of the overall production in the surf, the surf contributions to the aerosol concentrations were averaged for all periods of on-shore winds during the experiment. The results for days 24 to 3 1 are shown in Figure 5 , for diameters of 1, 5 and 10 tm. The data in Figure 5 show clearly the variation of the aerosol concentration with height, which increases with increasing particle size. The concentrations near 12 m are low, for reasons discussed above. Ignoring the data at 12 m, the results in Figure 5 suggest that at the base of the Pier the surf-produced aerosol extends to heights of 20 -30 m. Figure 5 . Means and standard deviations of the aerosol concentrations measured in on-shore winds during days 24-30, relative to the background concentration measured at the end of the Pier, for three representative size bins, plotted as a function of height above sea level. For clarity, the results for the three size bins were slightly offset on the horizontal axis.
EXTINCTION CALCULATIONS
Extinction coefficients at various wavelengths in the visible and infra-red (IR) atmospheric transmission windows were calculated form the aerosol size distributions using a Mie code9. Results for wavelengths of 10.6, 1 .064 and 0.55 m are shown in Figure 6 . Similar to the aerosol concentrations in Figures 2 and 3 , the extinction coefficients are presented relative to those calculated from the PMS4 data at the end of the Pier. The influence of the surf-produced aerosol is obvious, with enhanced extinctions at the base of the Pier for on-shore winds, and enhanced extinctions at the end of the Pier when the surfproduced aerosol was blown out to sea. The extinction coefficients are at times enhanced by up to almost three orders of magnitude, only due to contribution of the surf-produced aerosol. The variation with height is obvious in Figure 6 . Note that the data at 12 m are underestimates, as discussed above. Effects of water vapour are not included in these calculations. Due to evaporation, also the water vapour concentrations may have been enhanced over the surf, thus increasing the JR absorption.
The extinction coefficients in Figure 6 apply only to the base of the Pier. For an assessment of the effect of the surf-generated aerosol on the performance of electro-optical systems for detection of targets over sea, path-integrated extinction or transmission needs to be taken into account. A simple example is presented that shows the effect of the surf-produced aerosol on the transmission for on-shore winds. In this case, only the aerosol produced in the surf zone and transported across the shoreline up to the point where the electro-optical sensor system is situated needs to be taken into account. Consider a transmission path of 10 km length, crossing a surf zone with an effective width of 300 m obliquely. Assume that the background extinction coefficient is 0.01 cf1 while the extinction over the effective surf is enhanced by a factor that varies between 10 and 1000. Transmission losses, relative to the situation where the surf has no influence of the extinction, were calculated as a function of the angle of incidence of the path through the surf zone. The results are shown in Figure 7 . The curves are labelled with the enhancement factor of the extinction coefficient in the surf zone: '10' corresponds to a surf zone in which the extinction is 10 times higher than in the surrounding air mass. The figure shows that the increase of the aerosol extinction over only the surf zone, by realistic values of about 2 orders of magnitude (see Figure 6 ), causes rather dramatic losses in transmission. In off-shore winds, this effect may be much more serious, because the surf-produced aerosol may be transported over considerable distances. Hence they may influence the extinction along the whole transmission path. A simple aerosol transport model was applied in a first attempt to estimate the down-wind dispersion of the surf-produced aerosol.
AEROSOL DISPERSION
The application of a line source model is justified by considering the surf as a source with a relatively small vertical extent (maximum 30 m, as derived form data as displayed in Figure 5 ) situated along the coast line. With this hypothesis, the model was formulated for aerosols emitted from a continuous crosswind line source located at the land-sea transition. The mean concentration downwind from a line source at a height h is given by: (1) where x is the downwind distance from the source, z the measuring height, u the mean wind speed, q the source strength, L1, is the modified Bessel function of the first kind of order -1/2. Particle deposition is taken into account by modifying the source strength q(x) with a reduction term that is dependent on the distance from the source10:
where d S the wind speed dependent particle deposition velocity. The model applies only in neutral conditions. Deposition velocities were calculated using the expression of Slinn and Slinn12.
The average concentrations derived from the experimental data were used as input to the model. To account for the vertical extent of the surf, these concentrations were extrapolated to heights of 1-30 m, and the model was applied for a series of release heights, with the receptor point fixed at a single level of 10 m. The concentrations arriving at the receptor point from the various release heights were then summed up to obtain the actual concentrations of the surf-produced aerosol at the receptor point. The distance between the source and the receptor point was varied from 10 m up to 25 km. The calculations were made for aerosols with diameters of 1-10 tim, and wind speeds of 2 and 10 mIs. An example of the results for wind speed of 2 rn/s is shown in Figure 8 . Close to the source the concentrations increase somewhat due to mixing of the particles from several heights to the receptor height, then a gradual decrease is observed. Even at 25km from the source, the concentrations are decreased only by about one order of magnitude. This implies that the surf-induced enhancement of the aerosol concentrations in off-shore winds may have serious consequences for the transmission over sea. Figure 8 . Aerosol concentrations for particles of 10 im in diameter, calculated as function of distance from the surf using the aerosol transport model described in the text.
It may be argued, that in off-shore winds the surf production of aerosol may be much lower than in on-shore winds. However, in this calculation concentrations were used that were measured at an average distance of 50m down wind from the surf, in wind speeds that usually did not exceed 2 rn/s. Hence, the surf was mainly due to swell. The data in Figures 2 and 3 showthat also in off-shore winds the concentrations of the aerosols are appreciably enhanced (the concentrations in off-shore winds are much lower than the reference concentration measured by PMS4, which in fact is due to the surf-enhanced concentrations measured by PMS4). Similar considerations apply to the extinction coefficients, see Figure 6 .
The model was derived with the assumption that the wind speed and the vertical turbulence coefficient are constant with height. Although this leads to errors only at short distances (up to about 500 m) from the source13, this calculation should only be regarded as a first attempt to estimate the influence of surf-produced aerosol. In the future, more comprehensive models will be applied to take into account the vertical extent of the surf aerosol, the wind profile and associated vertical mixing, as well as other potential processes in the marine boundary layer that may affect the aerosol, other than advection, dispersion and deposition.
CONCLUSIONS
The analysis of the aerosol measurements carried out during the EOPACE Surf-1 experiment show that, in the size range between 0.5 and 10 tm, the aerosol concentrations increase by up to two orders of magnitude. In spite of the variability in environmental parameters, except wind speed that was generally very low, no clear correlations between the surf production and the aerosol concentrations could be derived. The data from the three particle counters that were used in the height interval between 7 and 15 m suggest that at an average distance of 50 m from the surf the maximum height attained by the surf produced aerosol is between 20 and 30 m. The data need further processing to obtain the aerosol source function in the surf. The results will be compared with aerosol source functions for open ocean conditions, and the bubble data will be used to estimate the influence of the various mechanisms that play a role in the production process. Currently, the data from the EOPACE Surf-3 experiment are analysed that were measured in a greater variety of wind speeds. Also the data from Monterey, where the surf has different characteristics than the one in La Jolla, will be taken into account. The aim is to formulate a more general description of the effect of the surf on the production of aerosols and their effects in the marine boundary layer. Obviously, also the various types of surf need to be considered in this effort.
The effect of surf-produced aerosol on JR extinction has been shown to be considerable. Not only do the data suggest a large effective width of the surf zone, but they also show that the extinction coefficients over the surf may be two or three orders of magnitude larger than in the unperturbed oceanic air. A more complete description of the surf effect on JR propagation requires detailed modelling of the size-dependent aerosol dispersion. Examples of the first attempts to apply such an aerosol transport model were presented. Jt is realised that this model may be an oversimplification of the real situation with developing wind and wave fields in off-shore winds, as well as temperature and humidity gradients that will affect the aerosol physics. For future application, the use of more comprehensive models is considered.
